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Gear Fatigue Diagnostics and Prognostics
Progress Report

Introduction
This progress report covers the first period of funding (April 2012-September 2012).

The first objective was to collect meaningful gear fault progression data starting from healthy
NASA-designed spur test gears and ending with failed parts. Because tooth breaking gives rise to
catastrophic failures of larger systems that employ gearboxes, the focus was placed on this
failure mode. Data has been collected with the development of prognostic algorithms in mind.
With previously designed, fabricated, and instrumented fixtures (one for single gear tooth
fatigue, and one for gear-on-gear dynamometer-based tester) we have been collecting crack
initiation and crack propagation data. Acoustic emission (AE) sensors, with the accompanying
signal processing and software, furnished by VTD, has been added to both fixtures (one at a
time) to collect acoustic emission data in parallel with the existing signals: force, displacement,
and crack-propagation data (single-tooth fatigue tester); and torque, angular speed, vibration,
temperature, and crack-propagation (gear-on-gear dynamometer-based tester).

The main outcome of the study will be a database with raw data, accompanying computed
condition indicators (CIs), and photographs. In addition, the developed tools for processing the
data, viewing the data, and modifying the data in the database will also be included, with
associated documentation.

The current effort is a continuation of the work that was performed under Award No. W911NF-
09-2-0002. The prior work included development of fixtures, the first version of the algorithms,

methods, and procedures for crack initiation and crack propagation, and preliminary database
design.

Test Description

The test consists of two set of tests on a dynamometer and one set of test on the fatigue tester and
some additional activities. Fig. 1 shows the flowchart of the testing process.
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Two gears are spun together in a gear box according to a torque and angular speed profiles, as
shown in Fig. 2. This establishes the baseline for the test. After that the top gear is removed
from the gearbox, mounted in the single-tooth, fatigue-tester fixture and the crack is initiated.
After the crack is initiated the gear is equipped with two crack-propagation sensors, one at each
faces of the cracked tooth. The gear is then re-assembled in the gear box and the gearbox is
operated according to the profile shown in Fig. 2, until all the crack is propagated beyond the
range of both crack-propagation sensors. After that, tooth is broken off on the fatigue tester using
a large load, and the bottom image of the tooth is imaged.
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Crack initiation

Fatigue-tester-based, single-tooth fixture is shown in Fig. 3. An anvil applies a normal force
approximately at the highest point of single tooth contact (HPSTC). The fixture was designed
and built before the current project, under Award No. W911NF-09-2-0002. When used for this
project, the fixture employed soft anvil, i.e. anvil made of material considerably softer than the
gear. Such anvil conforms to the gear during the test, but does not cause any visible indentation
of the surface of the involute that could add its own vibration signature.
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Fig. 3: Fatigue-
tester-based,
single-tooth
fixture. (a) CAD
model (b) Photo
of the built
fixture. (c) The
force is applied
approximately
perpendicularly
at HPSTC.

The inference engine used to stop the fatigue cycling fatigue tester operates on observation of
force and displacement. A baseline distribution is obtained from using a compliance-based
feature described in [1]. The feature is then observed for set of samples that are delayed with
respect to the most recent observations, and the baseline normal distribution is estimated. Once
the baseline distribution is available, a set of recent samples is assessed whether it belongs to this
distribution using a likelihood ratio, as illustrated in Fig. 4. The signals are shown in Fig. 4a: the
blue trace shows the feature, while the red trace shows the threshold based on baseline
distribution. When the feature crosses the threshold, the test is stopped. Fig. 4b and Fig. 4c show
the cracks verified in a non-destructive manner, using magnetic die penetrant and ultraviolet
(UV) light.
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The resolution of the feature has recently been improved. Table 1 shows a subset of the series of
test that compared the threshold parameter to the resulting initiated crack. The threshold
parameter € is expressed as the number of standard deviations o of the baseline distribution. As
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before, the blue traces in the plots indicate the features, while the red traces indicate the
thresholds. The associated images show the tooth side of the crack. It is important to note that
the crack measurement, indicated in the plots, are the normal projections, not the actual crack
lengths that are typically slightly longer. As this subset shows, the initiated cracks vary
considerably in size and shape. Some cracks are even discontinuous and initiate at different

planes.

Dimensions of NASA
gear in mm are
provided to facilitate
the assessment of the
relative sizes of the
cracks.

6.73 mm

Table 1: Excerpt from detailed comparison of performance
of crack-initiation method. GearlD
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After a cracks is initiated, the cracked tooth is instrumented with two crack propagation sensors,

as shown in Fig. 5.
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Fig. 5. A gear tooth equipped with crack propagation
sensors after crack initiation.

Crack Propagation

Dynamometer fixture is shown in Fig. 6. The fixture is instrumented with four accelerometers.
Some of these are placed at locations very sensitive to gear cracks, and some at locations that are
expected to have relatively poor sensitivity to gear crack. Sub-optimal placement was motivated
by the fact that one must use pragmatic, sub-optimal sensor placement in practical applications
due to space and other constraints.

‘ Fig. 6. Dynamometer
e test stand (gearbox)
with the location of the
accelerometers.

Accelerometer
locations

The instrumentation of the control and the data acquisition system is implemented in LabVIEW.
Fig. 7. shows a block diagram of the system. Most of the low-level control is achieved via
Mustang software. Accelerometer data is collected from four accelerometers (PCB 352A60),
amplified using a PCB amplifier and further filtered and amplified using 8"-order anti-aliasing
filters (LTC1564) with 40 kHz cut-off frequency. The signals from crack-propagation sensors
(CG1 and CG2) are wired through the slip rings, passed through anti-aliasing filters and
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amplified. Their referenced, single-ended, analog inputs were used to track crack growth as
individual strands in the gage break. Gages were applied to both faces of the pre-cracked gear
tooth. High speed sampling is needed to measure peak load on a single tooth each revolution.
Digital encoder pulses read into an analog input to provide a signal for Time Synchronous
Averaging (TSA). The timer digital input (counter/timer) was used to measure time between
pulses and to compute gear speed in revolutions per minute. The encoder pulses were also
accumulated in a digital counter and used to track total gear loading cycles during a test run. A
digital output signal is set when limits are exceeded for crack length, maximum accelerometer
RMS, or the number of revolutions. The digital output from the LabVIEW monitor application
is connected to the Mustang Dynamometer "shutdown" digital input port, and will cause a test
shutdown when enabled. The new feature of the instrumentation is the ability to collect the
triggers of the AE events. Acoustic emission signals were captured from the trigger of the
Digital Wave FM-1 AE detector.

ARL GEAR DYNO TESTER

Accel 2 J_
DYND
Encoder
I A
Torquet1 Toruez  FiQ. 7. Block diagram
Musta;goyno of the instrumentation
Ext Shuitdo system associated with
the dynamometer
Encoder pulse + ! fixture.
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FM-1 AE I/F Box NI cDA
detector «

1.

Burst Data Acq
100 KHz

ARL AE PC Limit check

Accel RMS
Crack Length

WaveExplorer
Software /
Hardware

Dyno LabVIEW Monitor PC v

+ NI-6052 e
* Lag Port Data '
v Log AE Data

ARL GEAR Write Burst
OB < Data files
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Acoustic Emission Testing

Acoustic emission (AE) was collected during single-tooth testing, i.e. crack initiation and
propagation on the fatigue tester, and during crack propagation on the gearbox testing.
The AE sensor placement on the single-tooth fatigue fixture is shown in Fig. 8.

Fig. 8. Close-up of AE

instrumentation of the single-tooth
fatigue fixture. This image is credited
to Dr. Adrian Hood of ARL.

a | .
Several crack initiation and propagations were ran on this fixture and the AE signals are
performed and the frequency of AE events were related to crack-propagation signals (CP).
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Fig. 9. Crack propagation on the fatigue tester (a) relating AE signals to CP signals and the compliance feature (b) Images of
the tooth after crack initiation and crack propagation.

The cracks were propagated at 100-1500 Ibs cyclic load at 10 Hz. The DAQ system of the
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acoustic emissions sensors continuously sampled data in bursts of 8192 points sampled at 10
MHz. The data was continuously discarded until a threshold was reached. When reached, an
EVENT was logged and the current burst, along with 819 points from the previous burst were
saved.

Fig. 8a shows the waveforms of the compliance feature, crack propagation signals, and the
cumulative graph of acoustic events.

Digital Waveform software saves the data in binary files and GIS/RIT built a MATLAB parser for
visualization of AE events in the time and frequency domain and cumulating the events during
the test. Fig. 10 shows the front panel of the tool with one event in the time domain.
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A cumulative plot of all the events for the corresponding test are shown in Fig. 11.
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AE seem to be very sensitive to the sensor placement. For example, Fig. 12 shows the case where
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AE events responds much more once the crack starts to propagate on the face of the tooth on
which AE sensors are mounted.

GearlD = 15, ToothID = 28, Run# = 4
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The captures on the dynamometer are currently very noisy. A very large number of events are
captured during the baseline tests when the AE equipment settings are set to considerable lowers
sensitivity than the settings employed for propagation on the fatigue tester. Thus, acoustic
emission detection for the gearbox does not look very promising.

Current Results

Up to this point, we have completed five crack propagations: four on slightly undersized gears
and one on the gears that fully meet the specifications. All the database is currently kept in a
single database. Fig. 13 shows the tables of the database. This database system also supports the
configuration where the binary files containing the high-speed data (accelerometers and encoder)
can be read as the linked files using dyno_test_burst_details table.
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] gears
GearlD VARCHAR(10)

ARL Gear Database

Design Spec VARCHAR(45)

Status VARCHAR(45)
Notes V ARCHAR(2000)

"] gears_designspec v
| design spec VARCHAR(45) |
-

| gears_status v
| Status VARCHAR(45) |
>

"] gears_photo_set v
PhotoSetD INT
» GearlD VARCHAR(10)
ToothID VARCHAR(10)
Run Number VARCHAR(10)
»>

"] gears_photos v
PhotoSetiD INT
PhotoID INT
OrigFileMame VARCHAR(100)
Description VARCH AR({500)
GlobalUnigueFileMName V ARCHAR (100)
MIME Type VARCHAR{45)
FileSize INT
FileExt CHAR(S)
UploadTime DATETIME
UploadLogin VARCHAR(45)

"] processing_log v
LogID INT
»Time5tamp DATETIME
Aciivity V ARCHAR(45)
Description VARCHAR(200)
»

] instrumentation v
SensorlD INT
Name VARCHAR(100)
Manufacturer VARCHAR{45)
ModeNumber VARCHAR(43)
SerialMumber VARCHAR(45)
Wendor VARCHAR({45)
CdlibrationHistory V ARCHAR( 1000)
UsageStartDate DATETIME
UsageEndD ate DATETIME

RIT Confidential
b ScottN.
> Triggers used to sync

GearlD between Gears
and Instron Details
tables.

] dyno_test_details
GearlD VARCHAR(10)
RunMumber ¥ ARCHAR(10)
TestlD SMALLINT
DateTime DATETIME
UnixTime5tamp BIGINT
Motes V ARCHAR(1000)
ToothID VARCHAR(10)
Burstenght TINYINT
BurstPeriod SMALLINT

CrackLimit FLOAT
DT DOUBLE

NumChannds INT
MNumSamples INT

Formatversion INT

| dyno_test_sensors v
TestlD SMALLINT
Source VARCHAR({15)

» SensorMame VARCHAR(100)
Units VARCHAR( 10)
Position VARCHAR(45)
Orientation V ARCHAR (45)

»

"] instron_test_details v
GearlD VARCHAR{10)
ToothID VARCHAR{10)
Run Number VARCHAR(10)

»DateTime DATETIME
TestID SMALLINT
DAQ Sample Rate Hz VARCHAR(15)
Fatigue Cycle Rate Hz VARCHAR(15)
Mumber of Fatigue Cydes VARCHAR(15)
Min Compression Load VARCHAR(15)
Max Compression Load VARCHAR(15)
InstronLoadUnits V ARCHAR(15)
InstronDisplacementUnits VARCHAR(15)
SensorType VARCHAR(45)
SensorUnits VARCHAR(15)
MNotes ¥ ARCHAR(1000)
LastDataUpdate DATETIME

MascNumberCydesPerRiun SMALLINT

A ] dyno_test_portdata v

TestID SMALLINT
SampleTimeSec DOUBLE
RotationsCount INT
Speed FLOAT
Temperature FLOAT
CrackSensor 1 FLOAT
CrackSensor2 FLOAT
Torque FLOAT

TestID SMALLINT
BurstD SMALLINT
SampleTimeSec DOUBLE

> InsertCount INT

FileName YV ARCHAR(100)
LastDatallpdate DATETIME

] dyno_test_features v
TestID SMALLINT
Time DOUBLE
Feature ID SMALLINT
Vaue FLOAT
accSource TINYINT

"] instrumentation_websiteposition v

SensorlD INT
ImageDiv VARCHAR(45)
PositionX INT
PositionY INT

] dyno_test_burst_details v

j instron_test data v
TestID SMALLINT
SampleTimeSec FLOAT

»InstronLoad ALOAT

» InstronDisplacement FLOAT
SensorMeasurement FLOAT
Crack5ensor2 FLOAT
Compliance FLOAT

Table Trigger to handle
detals deletss.

" instron_test_statistics v
TestID SMALLINT
CountOfMeasurements INT
MaxTimeOfRuns FLOAT
MinTimeOfRuns FLOAT
Lastlpdated DATETIME

"] dyno_test_burst data v
TestID SMALLINT
BurstiD SMALLINT
Samplelndex MEDIUMINT
Encoder ALOAT
Accelerometer1 ALOAT
Accelerometer2 ALOAT
Accelerometer3 FLOAT
Accelerometer4 ALOAT

| dyno_test_feature_description v
Feature ID SMALLINT

» Mame VARCHAR(20)
Description VARCHAR(200)

Fig. 13. Database tables used in the test process.
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Data viewer in MATLAB is shown in Fig. 14. The user selects the run for a gear. The top subplot
shows the angular speed (left, blue axis) and the torque (right, green axis) for the duration of the
test. The bottom plot shows the encoder and accelerometer data selected within the interval
selected by the red dashed lines in the top plot.

Selected | GearlD | RunNumber| TestlD | DateTirne |UnixTimeStamp| Motes | TaothlD | Burstlenght | B
124 [ 106 23 154 2012-09-14 .. 0 Profile: CP15...nul 1000000 8ec 1.
135 | 104 2 156 2012-09-18 ... 0 Profile: Break... nul 1000000 sec 10
126 104 9 155 2012-09-19 ... 0 Profile: Basel... null 1000000 8ec 1.0+
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Fig. 14. Data viewer for dynamometer crack propagation.

A zoomed view into the high speed data is shown in Fig. 15.
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For each crack, the imaging after the full propagation is performed. The top surface o the cracked
(the tooth side) of GearID = 106 is shown in Fig. 16. Three different regions are readily
distinguishable: crack initiation region, crack propagation, and final, abrupt fracture. The darker
region within the surface that corresponds to crack propagation indicates heating of the material,
caused by hysteretic losses associated with the crack propagation. We have observed that when
this occurs during the plastic deformation, crack propagation can be slowed-down significantly,
and even halted entirely. In this particular test, the propagation on the dynamometer took
considerable number of cycles.

Crack propagation boundary
Fig. 16. The bottom surface of a cracked
tooth (GearlD = 106). Three different
regions (crack-initiation, crack-propagation,
and final fracture) are readily distinguishable.

Refer to Table 1, the first column and the
bottom row for the measurement of
projection of crack-initiation.

Dark area indicates heat, which,
inturn, stems from hysteretic
plasticdeformation.

Crack initiationboundary
Fig. 17 shows a set of images associated with crack initiation and crack propagation on a different
gear (GearID = 3). In this case the bottom surface of the crack is shown (the gear side instead of
the tooth side). Again the three regions (crack-initiation, crack-propagation, and final fracture)
can be observed.
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Fig. 17: Images of failed tooth (a) crack initiation (b) crack propagation — the crack propagate through all the
crack propagation sensor on both sides (c) broken off tooth (d) image of the crack surface

Analysis of Condition Indicators (Cls)

In this report we use the term feature and condition indicator (CI) interchangeably.

While the data tables are read only, the tables containing condition indicators and their
descriptions can be overwritten by the analyst, to enable re-computing of existing features, and
introduction of new features. The analyst can introduce new features, assign them a feature ID,
compute them and add them to dyno_test_features table, described in Table 2.

Field « Type Null Key Default Exira
Featurs |0 smallint{E) MO PRI
TestiD  smallnt(5) NO PRI Table 2: dyno_test_features is a
Time double NO PRI read/write table where features can
Vaie  float YES be re-computed and added.
accSource  timyint(3) unsigned NO FRI

The features are described in dyno_test_feature_description table. Currently we are computing
thirty five features. These features are listed in Table 3. In many cases, original papers that
describe the features are provided, e.g. [2-8] For the purpose of the present report, only three
features are considered: FMO, NA4, and NP4.
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Table 3: List of condition indicators (Cl) and their descriptions, as currently described in

dyno_test feature_description table.

Feature
1D Name Description
1 | Raw_RMS Root Mean Square of Signal
2 | Raw_Delta RMS Change in the Root Mean Square of the signal
3 | Raw_Kurtosis 4th Statistical Moment of the signal normalized by the square of the variance of the signal
Swansson, N.S. Application of Vibration Signal Analysis Techniques to Signal Monitoring. Conference on
Friction and Wear in Engineering 1980. Institution of Engineers, Australia, Barton, Australia, 1980, pp 262-
4 | Raw_Crest_Factor 267.
5 | TSA_RMS Root Mean Square of TSA
6 | TSA Delta RMS Change in the Root Mean Square of TSA
7 | TSA_Kurtosis 4th Statistical Moment of the TSA normalized by the square of the variance of the TSA
Swansson, N.S. Application of Vibration Signal Analysis Techniques to Signal Monitoring. Conference on
Friction and Wear in Engineering 1980. Institution of Engineers, Australia, Barton, Australia, 1980, pp 262-
8 | TSA Crest Factor 267.
9 | TSA_Energy Operator
Stewart, R.M. Some Useful Data Analysis Techniques for Gearbox Diagnostics. Machine Health Monitoring
Group, Institute of Sound and Vibration Research, University of Southampton, Report MHM/R/10/77, July
10 | FMO 1977.
Stewart, R.M. Some Useful Data Analysis Techniques for Gearbox Diagnostics. Machine Health Monitoring
Group, Institute of Sound and Vibration Research, University of Southampton, Report MHM/R/10/77, July
11 | FM4 1977.
Martin, H.R. Statistical Moment Analysis As a Means of Surface Damage Detection. Proceedings of the 7th
International Modal Analysis Conference, Society for Experimental Mechanics, Schenectady, NY, 1989, pp.
12 | M6As 1016-1021.
Martin, H.R. Statistical Moment Analysis As a Means of Surface Damage Detection. Proceedings of the 7th
International Modal Analysis Conference, Society for Experimental Mechanics, Schenectady, NY, 1989, pp.
13 | M8A 1016-1021.
14 | M8As
Zakrajsek, J.J., Townsend, D.P., Decker, H.J. An Analysis of Gear Fault Detection Methods as Applied to
Pitting Fatigue Failure Data. NASA Lewis Research Center/U.S. Army Aviation Systems Command. 47th
15 | NA4 Mechanical Failure Prevention Group, NASA TM 105950, AVSCOM TR 92-C-035, April 1993.
Decker, H.J., Handschuh, R.F., Zakrajsek, J.J. An Enhancement to the NA4 Gear Vibration Diagnostic
Parameter. U.S. Army Research Laboratory/NASA Glenn Research Center. 18th Annual Meeting of the
16 | NA4s Vibration Institute, NASA TM 106553, ARL-TR-389, June 1994.
Zakrajsek, J.J., Handschuh, R.F., Decker, H.J. Application of Fault Detection Techniques to Spiral Bevel Gear
Fatigue Data. NASA Lewis Research Center/U.S. Army Research Laboratory 48th Mechanical Failures
17 | NB4 Prevention Group, Wakefield, Mass. April 1994. NASA TM 106467, ARL-TR-345
18 | NB4s Application of difference between NA4 and NA4* to NB4. No paper published.
Swansson, N.S. Application of Vibration Signal Analysis Techniques to Signal Monitoring. Conference on
Friction and Wear in Engineering 1980. Institution of Engineers, Australia, Barton, Australia, 1980, pp 262-
19 | Energy_ratio 267.
20 | Filter RMS_Env
21 | Filter_Kurtosis_Env
22 | Signal_STD_Env
23 | Peak_Frequency_env
24 | Peak_Amplitude Env
25 | Peak_Amplitude_Demod
26 | Peak Ampitude_Demod
Polyshchuk, V.V., Choy, F.K., Braun, M.J. Gear Fault Detection with Time-Frequency based Parameter NP4.
Proceedings from the 8th International Symposium on Transport Phenomena and Dynamics of Rotating
27 | NP4 Machinery (ISROMAC-8), Honolulu, Hawaii, March 26-30, 2000.
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Table 3 (continued): List of condition indicators (CI) and their descriptions, as currently described in

dyno_test feature description table.

28 | LP2 Kurtosis Kurtosis of the Linear Predictive Residual using a second-order model

30 | LP3 Kurtosis ,Kurtosis of the Linear Predictive Residual using a third-order model

32 | LP4 Kurtosis ,Kurtosis of the Linear Predictive Residual using a fourth-order model

33 | LP4 L1 Sum ,L1 distance of the Linear Predictive Residual using a fourth-order model
31 | LP3L1Sum ,L1 distance of the Linear Predictive Residual using a third-order model
29 | LP2 L1 Sum ,L1 distance of the Linear Predictive Residual using a second-order model
34 | CP Sensor 1 Post-processed crack propagation sensor data, indicating crack length.

35 | CP Sensor 2 Post-processed crack propagation sensor data, indicating crack length.

We compare the performance of condition indicators with respect to:
1. Their ability to detect a crack
2. Their ability to assess the damage
3. Their sensitivity to sensor placement.
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Fig. 18: FMO detection using ROC for four accelerometers. (a) Accelerometer 1 (b) Accelerometer 2 (c)

Accelerometer 3(d) Accelerometer (4)
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Early detection problem. Receiver Operating Characteristic (ROC) is used for comparison of
features with respect to their ability to detect the damage. In these plots, the x-axis represents the
false alarm rate and the y-axis represents the detection rate. A larger the area under the curve
(AUC) corresponds to a better the performance of the detector. The worst performance is given
by the diagonal x =y which represents pure chance, and has AUC = 0.5. More details on ROC
can be found in e.g. [9]. To generate the curves, the ground truth was chosen during the baseline
interval (no fault) and during the propagation, before the first strand of either crack propagation
sensor is broken (fault). Thus, more specifically, we compared the features with respect to their
ability for their ability to detect features early.

Fig. 18, Fig. 19, and Fig. 20 show the performance of FMO, NA4, and NP4, respectively. Each

gear is represented by a separate trace'. Each subplot corresponds to one of the four

accelerometers.
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Fig. 19: NA4 detection using ROC for four accelerometers. (a) Accelerometer 1 (b) Accelerometer 2 (c)
Accelerometer 3(d) Accelerometer (4)

Comparing the performance of the accelerometer in Fig. 18-Fig. 20, Accelerometer 4 is
consistently the best performer (refer to Fig. 6 for the sensor placement), Accelerometer 3 is

! ... Of completed crack propagations on the dynamometer fixture, only the propagation of GearID = 106 is not
included, because the processing was not able to
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consistently the worst, while Accelerometer 2 and Accelerometer 3 are tied in the middle. Of the
three features compared here, NP4 shows the best performance.

Crack Detection for Accel. 1 using NP4 Crack Detection for Accel. 2 using NP4
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Fig. 20: NP4 detection using ROC for four accelerometers. (a) Accelerometer 1 (b) Accelerometer 2 (c)
Accelerometer 3(d) Accelerometer (4)

Fixture Problems and Delays

During this performance period we have experienced two unexpected equipment-related
problems: equipment failure on the dynamometer tester and required modification on the fatigue

tester.

Dynamometer Fixture Failure

During a test run on the dynamometer the nylon key between the drive motor coupler and
fixture’s input shaft sheared. This key is used as the weak link within the system to prevent
unnecessary stress in the gearbox due to jamming of a broken tooth and/or shock

loads. Additionally, the setscrew constraining the key may have been inserted into the beyond
the surface of the shaft. Once the key sheared the setscrew marred the shaft’s surface thus
preventing easy removal of the mating coupler. Modifications have been made to prevent re-
occurrence: a new coupler was designed to allow rotation around the shaft in the event of a
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similar break, use of nylon tipped setscrews, and increased key length to decrease bearing
stresses.

Modification of the Fatigue Tester

The fatigue fixture was designed according to the specifications and performed well for the
slightly-out-of spec (undercut) gears. The gears that fully meet the specification did not easily fit
in the fatigue fixture and we had to open the spacing between the reaction teeth, as indicated in
the drawing of Fig. 21.

Fig. 21: The fixture modification.

Remove .015 from
these surfaces

Arrows/ orange surfacesindicate where material is to be removed

Gear Lock-b
8/22/12

Summary and Future Work

The goal is to proceed with crack initiation and crack propagation with additional gear samples.
Due to unexpected failure of the gearbox and unexpected modifications required for the fatigue
fixture, we produced fewer crack propagations than expected for this performance period. In
addition, due to the delays caused by the aforementioned problems, our spending rate was
reduced during this performance period, at about 50 % of what was originally projected for this
performance period.
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